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Abstract
Effective DNA extraction methods are important for forensic applications. The main goal
of this experiment was to determine if a newly developed trypsin based protein/DNA coextraction method applied to contact traces would yield comparable results to a
commercial Proteinase K method (QIAamp DNA Investigator Kit) and a Chelex
extraction method with Tween 20 used in forensic laboratories. This was tested on 20 sets
of sebaceous fingerprints on glass slides.
The results of this study demonstrate the trypsin co-extraction method yielded the highest
amount of DNA. In the first comparison, the mean total DNA yields for the trypsin-co
extraction method and QIAamp DNA Investigator were 6.71 ± 10.69 ng and 0.50 ± 0.54
ng respectively. This difference was significant. For the second comparison, the mean
total DNA yields for the trypsin-co extraction method and Chelex Tween 20 extraction
method were 8.14 ± 13.83 ng and 4.01 ± 3.99 ng. This smaller difference was not
significant. The co-extraction method produced more complete STR profiles than the
other methods.
The protein fraction was mass spectrometry compatible. Peptide and protein analysis
revealed, on average 393.10 ± 248.01 unique peptides and 44.55 ± 26.74 identified
proteins. Fifteen proteins were found in almost all fingerprint residue samples with the
majority being keratin type I or II proteins. DNA and protein findings were reproducible
when compared to results of a second study testing single thumb prints collected from the
same volunteers on the same day. Results of this study demonstrate the trypsin coextraction method is comparable to already established DNA extraction methods.
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Introduction
Through technological advancements and scientific breakthrough, forensic scientists are
more capable than ever to utilize DNA to develop profiles which can be used to
individualize a possible person of interest. Initially the notion that DNA can be recovered
from minute amounts of biological material left on a surface through skin contact, was
met with skepticism. But van Oorschot & Jones (1997), were able to show an individual’s
genetic profile can be generated by swabbing a surface that has been touched. This
greatly broadened the scope of items which could be analyzed during an investigation to
develop a DNA profile (van Oorschot, Szkuta, Meakin, Kokshoorn, & Goray, 2019).
Eventually the recovery of genetic material from touched surfaces gained credence in the
forensic community. Kopka et al., (2011) state a single skin contact can transfer enough
DNA for successful STR typing.
Long before targeting contact traces, investigators were generating profiles from old
blood, stains, seminal stains, vaginal swabs, hair, bone, urine and cigarette buds
(Oorschot & Jones 1997). Biological fluids are a rich source of DNA and many
successful extraction methods have been published for blood, semen and saliva (e.g.
Phillips, McCallum, & Welch 2012). DNA individualization is based on targeted testing.
Although most human DNA is identical, there are regions which vary from person to
person, known as polymorphisms. The particular type of polymorphism that is primarily
examined in forensic genetics are short tandem repeats (STRs), which are a short
sequences of DNA, normally ranging between 2 and 5 base pairs, which repeat multiple
times (Hallick, 2000). The extracted DNA is amplified via polymerase chain reaction
(PCR) using labeled primers in a multiplex format, which creates a DNA profile over
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several polymorphic locations, also known as an STR profile, which investigators can
analyze for differences (Phillips et al., 2012). Independent of the level of polymorphism
per locus, the increased number of loci examined simultaneously provides sufficient
variation for reliable discrimination between unrelated individuals (Wickenheiser 2002).
While it is possible to obtain DNA profiles from low amounts of DNA, sample types
such as hair or contact traces can benefit from better extraction methods to increase the
yield of nuclear material.
Literature Review
DNA from Fingerprints
The mechanism of DNA transfer from the skin through touching is the deposit of cellular
material and cell free DNA (Burrill, Daniel & Frascione, 2019). This is believed to be a
component of the hands and fingers acting as vectors for cells which originate from other
areas of the body with a more abundant source of DNA rich cells (Daly, 2010). Burrill et
al., (2019), also state that it is possible places for DNA to originate may include, shed
keratinocytes, nucleated epithelial cells from other fluids or body parts that may have
come in contact with the hand, or cell free DNA reserves such as sweat. Kita,
Yamaguchi, Yokoyama, Tanaka & Tanaka (2008) carried out a morphological and
immunohistochemical investigation of nuclear DNA in differentiating keratinocytes in
skin, specifically the neck. The authors explain how condensed nuclei in keratinocytes in
the granular layer of the epidermis are subsequently lost when the cells move through the
cornified layer. But the authors suggest it is possible for fragmented DNA to be present in
the cornified layer, which can be deposited or transferred to surfaces by sweat.
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Immunohistochemical staining with the use of polyclonal anti-ssDNA antibody staining
of the outermost skin tissue showed positive reactions for nucleus like objects in the skin
surface and the upper most layers of the stratified cornified cells (Kita et al., 2008 &
Burrill et al., 2019).
Van Oorschot et al., (2019) morphological analysis of fingerprint established that the
majority of the deposited cells were corneocytes with only a limited number of nucleated
or stripped nuclei cells being detected. In situations where only few cells and low DNA
amounts are available, this is sometimes referred to as “low copy number DNA profiling.
A study by (Roeder, Elsmore, Greenhalgh & McDonald, 2009) demonstrated that
modifications such as the use of higher number of cycles and increased injection time
during capillary electrophoresis, maximized the success of samples with suboptimal
amounts of DNA. Kopka et al., (2011) also increased their success rate through
increasing injection efficiency through post amplification sample clean-up.
Variables that are pertinent to the success of DNA analysis of contact trace such as
fingerprints are the amount transferred, the trace’s persistence on the substrate, the
prevalence or biological levels of transferrable DNA, and the recovery efficiency (TPPR)
(van Oorschot, Szkuta, Meakin, Kokshoorn, & Goray 2019). The importance of the
aforementioned factors are also echoed in the work of Alketbi & Goodwin (2019), who
also include the duration of and the size of the area over which the touch deposit on the
surface occurs as important factors to be considered. As shown by Ostojic and Wurmbach
(2017) there is also an effect of the evidence substrate, time lag between deposition and
recovery and storage of samples. Their study investigated the effects of time on deposited
fingerprints, which revealed profiles could be produced despite the samples being left
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unprocessed for some time. DNA was successfully typed from touched objects 24 hours
after deposition and some full profiles were even obtained 40 days after deposition.
However testing showed that the portion of database eligible profiles decreased over time
(Ostojic &Wurmbach, 2017). Ostojic and Wurmbach (2017), also found glass
microscope slides to be the most efficient in terms recovering DNA from fingerprints.
Other substrates tested were plastic and paper, with a slightly better performance of the
former. Meanwhile metal (quarter dollar) produced almost no profiles and was deemed
the least effective. Certain metals lead to DNA degradation, therefore less STR profiles
are likely to be obtained (Ostojic & Wurmbach, 2017). STR profile can also be affected
by the amount of DNA left by an individual.

Shedder Propensity
Prevalence, or how much DNA is available to be deposited, is one of the most pertinent
factors in forensic casework and can be simplified as the variation in the amount of DNA
left behind by individuals or shedder propensity (van Oorschot et al., 2019). Shedder
propensity or shedder status refers to interindividual differences in the amount DNA a
person leaves behind on a surface (Otten et al., 2019). Lowe et al., (2010) characterized
differences in the amount of DNA left behind between and within individuals by
recovering DNA deposited by a group of volunteers. The authors sampled plastic tubes
which were held for different intervals after handwashing. The authors defined a “good
shedder” as someone who will leave enough DNA to produce a full profile, regardless if
the individual has washed their hands (Lowe et al., 2010). Fonneløp, Ramse, Egeland, &
Gilla (2017) recent studies exhibited there are significant differences amongst individuals
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in their tendency to deposit DNA to touched objects. Goray, Fowler, Szkuta, & van
Oorschot (2016), observe that “good shedders” consistently have drier hands than “poor
shedders.” This was also shown in the work by Bright & Petricevic (2004), who found
good DNA sloughers had comparatively drier hands. The rationale behind the finding is
that dry skin, which is caused by moisture loss, is shed at a faster rate due to flaking and
chapping of the skin. Hence more DNA is being shed with a higher proportion of
nucleated cells compared to non-nucleated cell compared to a “poor” DNA shedder
(Bright & Petricevic, 2004).
Understanding shedder propensity is important to forensics because it can help in
predicting if there was a sufficient amount of trace DNA transferred onto an object
(Bright & Petricevic, 2004). Goray et al., (2016) build upon this idea by stating if touch
DNA is postulated as a possible explanation for the presence of a suspected offender’s
DNA, knowing if the individual is a “good” or “poor” shedder can help investigators
consider the possibly of detecting the transferred DNA under certain scenarios. This is
pertinent when addressing mixtures that may have risen from secondary transfer.
Karmen, Jaghø, Cortez & Frøyland (2008), whose research was on secondary transfers,
demonstrated the vector did not always produce the dominant profile on the tested
sample. With overall success rates for contact traces depending on shedder propensity,
there will be samples deposited by low shedders that could benefit from additional
testing, for example of proteins (Sterling et al., 2019).
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Forensic Proteomics
The analysis of proteins are an excellent alternative source of information to use in
forensic case work. They are more stable, abundant and environmentally persistent as
compared to DNA. The most common method of analyzing proteins is through the
detection of peptides generated from proteolytic digestion (Merkley, Wunschel, Wahl, &
Jarman, 2019). Digestion of the proteins, often time using trypsin, breaks the long
polypeptide chains into smaller amino acids, which are amenable to liquid
chromatography tandem mass spectrometry (LC-MS/MS) analysis. A common approach
taken is “untargeted” proteomics, where the goal is the identification/quantification of as
many peptides as possible in a sample (Merkley et al., 2019). The resulting
chromatographic separation and ionization results in tens of thousands of tandem mass
spectra of the eluting peptides. The spectra are analyzed by searching a database which
contains the amino acids sequences of all predicted peptides. Furthermore the database
search engine cleaves the predicted proteins in the database into tryptic peptides and
calculate their respective masses (Merkley et al., 2019). Lastly it compares the theoretical
fragmentation spectra of the peptides with the observed fragmentation and assigns a
similarity score. The combination of the tandem mass spectrum, peptide sequence and the
associated score is called peptide-spectrum match (PSM). A similarity score is also
assigned, which serves to differentiate between high confidence and low confidence PSM
scores. Lastly the proteins present in the sample are identified by inferring the identified
peptide sequences. In addition the abundance of a particular protein is calculated by
aggregating or summarizing the abundance of constituent peptides (Merkley et al., 2019).
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One example for the application of forensic protein analysis is hair evidence. Hair shafts
are a poor source of nuclear DNA since hair biogenesis involves keratinocyte cell death
and DNA degradation (Bengtsson et al., 2012). However the hair shaft proteome retains a
high protein content, making it an ideal source for protein analysis. Lee et al., (2006)
using two dimensional liquid chromatography were able to identify 343 proteins in the
hair shaft. Most of these proteins identified were keratins, keratin associated proteins and
non-keratin proteins. Laatsch et al., (2014) were able to distinguish between four
different ethnic groups based on the keratins identified. The authors also discovered the
abundance of proteins present in the hair varied by location. This was also seen in the
work of Milan et al., (2019), where protein profiles of hair shafts varied as a function of
somatic origin. The results obtained from hair shaft analysis only highlight a small
fraction of forensic value that possible achieved by proteomic studies of biological
evidence such as different toxins, tissue types, or organisms (Merkley et al., 2019).
Furthermore, as also could be shown on hair, proteins contain genetic variation in the
form of single amino acid polymorphism (SAAPs) that arise from non-synonymous
single nucleotide polymorphism (nsSNP’s) (Parker et al., 2016). Genetically variant
peptides (GVPs) that contain SAAPs can be identified through mass-spectrometry based
shotgun proteomics. The amino acid substitution in SAAPs can indicate the genotype of
SNP alleles on the DNA regardless of the tested tissue and the imputed nsSNP alleles can
be combined together to provide a genetic profile. This research could show how protein
based SNP alleles could complement information that was acquired through
mitochondrial DNA (Parker et al., 2016).
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Another candidate of GVPs is collagen that is found in cortical bone. Mason et al.,
(2016), states that several proteins found in the bone matrix can be a great source of
GVPs used to infer genetic nsSNP profiles in deceased individuals. Their research
developed a LC-MS/MS method to obtain proteomic datasets of bone proteins. From the
acquired data GVPs were identified, characterized, and confirmed using DNA
sequencing. The information was then used to calculate measures of identity and
biogeographic background (Mason et al., 2016). This concept has been applied to
fingerprints. Borja et al., (2019) examined GVP’s containing SAP’s from fingermarks.
The authors were able to infer 264 SNP alleles with 260 true and 4 false positives. SNP
profiles developed through GVP analysis can complement an incomplete STR profile and
increase the power of discrimination for the sample.
DNA Extraction Methods
Especially for contact traces with low amounts of starting material, efficient isolation
(recovery) of DNA from the samples is the basis for successful forensic DNA profiling
(Phillips et al., 2012). The authors further state there are many types of extraction
techniques available with varying degrees of efficiency. One widely used method is lysis
followed by column purification, for example with the QIAamp DNA Investigator Kit
from Qiagen. The Qiagen kit utilizes four steps to obtain the DNA from a sample.
Initially enzymatic activity (Proteinase K) and mechanical lysis is used to disrupt the
cellular membranes. Afterwards the DNA is bound to a silica based QIAamp spin
column. Using proprietary wash buffers, contaminants are washed away while retaining
the nuclear DNA and mitochondrial DNA. Lastly the DNA is eluted by altering the pH
within the column. The silica-based method is a robust way of DNA extraction that
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removes inhibitors while maintaining a high yield of quality DNA (Phillips et al., 2012).
Another option is a single tube assay and performing a simple lysis with the chelating
agent Chelex 100 (Walsh, Metzger & Higuchi 1991). Chelex 100 is a chelating resin that
binds to transition metal ions through ion exchange. It is composed of styrene
divinylbenze copolymers that contain iminodiacetate ions that act as chelators for the
polyvalent ions (Phillips et al., 2012). In the lysis step, alkaline conditions combined with
heat break down the cell releasing its contents. Released with the pivotal DNA are
DNases which degrade double-stranded DNA. The chelating groups contained on the
Chelex beads greatly diminish the effectiveness of DNases by binding to magnesium
ions, thus protecting the DNA from degradation (Phillips et al., 2012). The Chelex
method is commonly used as a fast extraction without the need of multiple tube transfers.
In addition, it does not require the use of harsh organic solvents such as phenolchloroform (Phillips et al., 2012).
Phillips et al., (2012) compares the Qiagen DNA Investigator Kit and Chelex-100
extraction methods. The authors collected blood samples on filter paper and buccal
samples from 5 volunteers. Extractions were carried out using Chelex-100 and the Qiagen
kit, once as a manual extraction and once automated on a QIAcube Robot. On average
the Chelex based extraction had higher DNA yields compared to the manual Qiagen
method for buccal samples. Similar DNA yields were reported for blood stain samples for
both methods. However the Qiagen DNA investigator kit produced more, full
interpretable STR profiles as compared to Chelex extracted samples. Phillips et al.,
(2012) believe the lower Chelex STR success rate was caused by the higher elution
volume (120 µL) as compared to the Qiagen samples (50 µL). In addition, the author’s
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state Chelex resin being present in the PCR reaction may account for the Chelex buccal
sample and the Chelex Blood samples not producing full STR profiles (Phillips et al.,
2012). This was also seen in the research of Ip, Lin & Lai (2014), who were studying the
effectiveness of five common DNA extraction methods, using human blood, buffy coat
cells, and simulated touch DNA samples. Two of the five methods used were the Chelex
100 and QIAamp DNA Investigator Kit. Overall the QIAamp DNA Investigator Kit
along with QIAsymphony Investigator Kit and Promega’s DNA IQ, all yielded extracts
with higher success rates for subsequent DNA typing analysis as compared to the Chelex
method (Ip et al., 2014). The authors recommend the use of either Qiagen DNA
Investigator Kit (QIAcube) and QIAsymphony or DNA IQ for the extraction of casework
samples, especially when dealing with “complex” samples. However, the authors do
recommend the use Chelex for processing buccal samples, due to lower reagent costs.
Forsberg, Jansson, Ansell & Hedman (2016) modified the Chelex extraction and
combined it with a subsequent purification/concentration step. They used worn clothes as
substrate and the DNA was collected using several types of tape (in-house tape,
SceneSafe FAST BOX, K545 tape). The in-house tape was processed using a Chelex
based method described by Gunnarsson, Eriksson & Ansell (2010) and Walsh et al.,
(1991). While the authors were developing their lysis method, different lysis buffers were
compared with respect to DNA yield. Modifications included the addition of detergents
such as detergent sodium dodecyl sulfate solution (SDS), the protein bovine serum
albumin (BSA) and osmoprotectant trehalose to 5% Chelex with 0.2% Tween 20 and
Proteinase K. The other DNA extraction protocols developed by Forsberg et al., (2016),
used a lysis buffers containing either 5% Chelex solution or TE buffer with Proteinase K
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and with or without the addition of Tween 20. After analysis it was discovered the lysis
buffers with 5% Chelex and TE buffer with Proteinase K and 0.2% Tween 20, gave the
highest DNA yield. Meanwhile the lysis buffers with BSA and Trehalose provided no
improvement, and for the buffer with SDS no DNA was detected. Lastly the authors were
able to validate the in-house direct lysis method by showing this method produced higher
average DNA concentration, as compared to the original Chelex extraction method
described by Walsh et al., (1991). A reason for the improved results of this method can
be attributed to the purification step included by Forsberg et al., (2016), where possible
PCR inhibitors are removed with Amicon Ultra -2 filters. In contrast the Walsh et al.,
(1991), directly added the samples to 200 µl of Chelex, with the final product being
unpurified and diluted.
Forsberg, Jansson, Ansell & Hedman, 2019, followed up on their previous research by
expanding this extraction method to samples such as blood, saliva and semen. Once again
the authors used a lysis buffer consisting of 5% Chelex, Tween 20 and Proteinase K. In
the method development study by Forsberg et al., (2016), there were three pipetting steps.
However, this time only one pipetting step is required, followed by three incubation steps
with vortexing. Afterwards the samples are ready for downstream analysis. In regards to
semen samples, a minor modification was made, by adding DTT. The results show this
method is suitable for casework dealing with blood, saliva and semen. Again the method
produced high DNA yields and high quality STR profiles and equal or better results for a
majority of mock crime scene samples compared to the original Chelex extraction
(Forsberg et al., 2019). Despite the efficiency of an extraction method, some samples will
still be negative due to insufficient amounts of biological material.
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DNA and Protein Co-extraction
For forensic protein testing to be a viable casework option, it would be useful to combine
DNA and protein recovery in a single method (Sterling et al., 2019). Protein SAAP
typing should only be attempted, if the more discriminative DNA testing fails, but by
then the evidence may have been consumed. The trypsin co-extraction method for the
simultaneous recovery of DNA and proteins was developed by Kranes (2017) and tested
on latent fingerprints deposited on glass slides. This method utilizes a digestion buffer
consisting of dithiothreitol (DTT), the surfactant ProteaseMAX and trypsin in an
ammonium bicarbonate buffer. DTT is commonly used to denature proteins, causing the
protein to lose their tertiary and secondary structure. This allows for the trypsin to cleave
at the carboxyl terminus of basic amino acid residues in proteins (Cutillas, 2017).
ProteaseMAX is a surfactant that solubilizes proteins and ensures fast and efficient
proteins digestions when paired with other proteases such as trypsin (Pirmoradian, M. et
al., 2013). Lastly the co-extraction method uses trypsin which is the most commonly used
enzyme for proteomics. It is highly specific breaking down peptides only immediately
adjacent to lysine and arginine residues on the c-terminal sides. The resulting peptides are
the appropriate length with two or three positive charges and amenable to liquid
chromatography separation, Merkley et al., (2019).
To separate the DNA and protein fractions, Kranes (2017) used Microcon 100 DNA
Fastflow filter units. With a pore size cut off of 100kD high molecular weight DNA will
be retained, while trypsin digested peptides of a size average of 25kD will be in the flow
through. Kranes (2017) sought to optimize the method and tested four variations of the
trypsin based co-extraction method. The variations included the addition of Poly A RNA,
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use of Microcon 30 instead of Microcon 100 filters, replacing Protease Max with Sodium
Laurate, and lastly adding an additional Microcon wash step. The author also tried to
omit membrane filtration which produced higher DNA and protein yields on average,
however it produced proteins fractions which were not compatible with LC-MS/MS
analysis without further purification. After a comparison to two standard DNA extraction
methods, the authors were able to conclude the trypsin co-extraction method with
microcon purification obtained more full/interpretable DNA profiles as compared to the
Proteinase K methods (Kranes et al., 2017).
This method was also used in the work of Sterling (2017) to test latent prints on fired and
unfired cartridges. Three types of cartridges were used that were composed of brass,
nickel and steel. The authors tested various substrates as means of collecting the
biological material for extraction including different types of swabs and tapes. The results
indicate that both DNA and protein yields decrease after a cartridge was fired (Sterling
2017). For both substances the yields after wet swabbing and tape lifting were
comparable to each other (Sterling et al., 2019).
Purpose of Study
To follow up on this work, sebaceous fingerprint deposits of 20 donors deposited on glass
slides were used to obtain genomic and proteomic information. During this experiment,
three extraction methods were utilized, a trypsin based co-extraction, the commercially
available QIAamp DNA Investigator Kit and a Chelex extraction method utilizing Tween
20. Each extraction method utilizes different reagents and chemistry to successfully
extract the DNA from the samples. The use of parallel fingerprint samples, deposited on
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adjacent glass slides made it possible to measure the efficacy of the three extraction
methods without interference of donor shedder status. Another aspect of this experiment
was the analysis of the co-extracted peptides by liquid chromatography tandem mass
spectroscopy (LC-MS/MS). The peptide analysis and protein identification data can be
used for genetically variant peptide (GVP) typing.
The goals of this study were to (1) determine if the trypsin based co-extraction method is
as efficient as the QIAamp DNA Investigator Kit and Chelex Tween 20 extraction
method, in terms of DNA recovered and the types of STR profiles produced, (2)
determine if the resulting peptide fraction can be used to identify proteins that are present
in sebaceous fingerprint samples, (3) test for DNA recovery and peptide/protein
identification reproducibility.
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Methods and Materials
Substrate
Glass microscope slides (Micro Slides, Corning, NY) were used as a substrate for the
thumb, pointer, middle and ring fingerprint sample deposits. The Corning Micro Slides
were cleaned with 10% bleach, deionized water and 75% ethanol. The slides were then
dried with paper wipes and stored in cleaned plastic boxes.
Fingerprint Collection
In accordance with IRB 2016-0080-0064 human subject research approval, 20 male
volunteers were recruited for this study. Volunteers were asked to wash their hands with
soap and water and dry their hands with paper towels. They were then asked to rub their
faces with focusing on the nose and forehead area for 15 seconds in order to mimic
involuntary face touching and create sebaceous samples (Kwok, Gralton and McLaws
2015). Volunteers were then asked to rub their fingers together for another 15 seconds to
evenly distribute material over both hands. Subsequently parallel thumb and index,
middle and ring fingerprints were deposited on the Corning Micro Slides. Furthermore
Borrego (2019) also collected samples from the same donor. However, only the thumb
print was collected. A buccal sample was collected as a reference. µL
Sample Collection
The tip of the Fitzco Sterile CEP SWAB (Fitzco, Spring Park, MN), was moistened with
60 µl solution of filtered 50mM Ammonium Bicarbonate (NH4HCO3; Fisher Chemical,
Waltham, MA), and 1% Protease Max Surfactant (Promega, Madison, WI). The swabs
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were then placed in 1.5mL Eppendorf Tubes. The glass slide was swabbed with the CEP
swab, focusing on areas where the fingerprints were deposited. Afterwards using scissors
and tweezers cleaned using 10% bleach, deionized water and 75% ethanol, the tip of the
CEP swab was cut and dropped into a UV irradiated 1.5 mL microcentrifuge tube
(Eppendorf, Hamburg, Germany).
DNA Extraction
Trypsin based DNA/Protein Extraction with Microcon Filtration
The samples were submerged in 100 µL of digestion buffer containing 0.01% Promega
Protease Max Surfactant (Promega, Madison, WI), 5mM Dithiothreitol (DTT; Promega,
Madison, WI) and “freshly made” 50mM Ammonium Bicarbonate (NH4HCO3; Fisher
Chemical Waltham, MA). The ammonium bicarbonate solution was considered “freshly
made” for three days after the dH2O was added. To remove any protein contamination,
each ammonium bicarbonate solution batch was filtered using Amicon Ultra-15
Centrifugal Filter Units (Millipore, Burlington, MA). The samples were incubated for 20
minutes at 56 ºC while shaking at 1400rmp. Afterwards 1 µL of a 0.1 µg/µL solution of
trypsin was added to each sample and incubation continued at 37 ºC for 3 hours at
1400rpm. The samples were then placed in a stationary heating block at 99 ºC for 10
minutes to deactivate the trypsin and cooled for 10 minutes at 4 ºC using an ice box. The
samples were spun briefly to bring all liquid present on the walls, as well as the lid to the
bottom of the tube. To collect all liquid from the swabs, the swab substrate was
transferred to labeled Spin Filter Baskets in Dolphin microcentrifuge tubes
(MidScientific, Valley Park, MO). The samples were centrifuged for 5 minutes at
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1500rcf. The resulting flow through was transferred from the dolphin tube back to the
original corresponding sample tube. The sample extracts were transferred to labelled
Microcon MW 100 DNA Fast Flow filter units placed inside elution tubes, (Millipore,
Burlington, MA). The Microcon tubes were centrifuged at 500rcf for 20 minutes. The
first flow through is the digested peptide fraction, which was transferred to labeled
Protein Low Bind Eppendorf Tubes (Eppendorf, Hamburg, Germany). The volumes were
measured and recorded prior to storage in -80 ºC. The DNA fraction was obtained by
adding 20 µL of dH20 onto the Microcon membrane and inverting the filter over a
collection tube and centrifuging at 1000 rcf for 3 minutes. The DNA fraction was
transferred to clean irradiated Eppendorf tubes and the volumes were measured and
recorded. The samples were stored immediately at -20°C.
Qiagen QIAamp DNA Investigator Extraction Kit
The QIAamp DNA investigator kit utilizes a set of proprietary buffers and silica columns
to purify DNA (Qiagen 2020). To each swab cutting 300 µL of Buffer ATL, 15 µL
Proteinase K (final concentration 1 µg/µL) and 12 µL 1M DTT (final concentration
35mM) were added. The samples were vortexed for 10 seconds prior to being incubated
at 56°C with shaking at 900 rpm for 2 hours. Once the samples were finished incubating,
they were vortexed and centrifuged to remove excess liquid from the wall of the tubes.
Afterwards 300 µL of Buffer AL mixed with 1 µL of carrier RNA was added to each
sample. The samples were then vortexed for 15 second before being incubated at 70°C
shaking at 900 rpm for 10 minutes. The swab substrates were removed and centrifuged in
spin baskets as described above. The resulting flow through was transferred from the
dolphin tube back to the original sample tube. To each sample 150 µL of Molecular
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Biology grade ethanol (96%-100%, Fisher Chemical, Waltham, MA) was added. To load
the silica column, 600 µL of the lysate/ethanol mix was carefully pipetted into a labeled
QIAamp MiniElute column placed in a 2 mL collection tube. The column and collection
tubes were centrifuged at 6000 rcf for 1 minute. The flow through was discarded and the
remaining lysate was added to the column, followed by another centrifugation at 6000 rcf
for 1 minute. The flow through was discarded and the QIAamp columns were transferred
to clean 2 mL collection tubes. After carefully opening each QIAamp column, 500 µL of
Buffer AW1 was added to the center and centrifuged at 6000 rcf for 1 minute. Each
column was transferred to a clean 2 mL collection tube, 700 µL of Buffer AW2 was
added and the columns were centrifuged at 6000 rcf for 1 minute. Afterwards the
QIAamp columns were transferred to clean collection tubes, 700 µL of Molecular
Biology grade ethanol was added and the columns were centrifuged at 6000 rcf for 2
minutes. The flow through was discarded and each QIAamp column was placed back into
the same collection tube. The collection tube and column were centrifuged at 20,000 rcf
for 3 minutes to remove and residual ethanol. Prior to DNA recovery, each QIAamp
column was placed in an irradiated 1.5 mL Eppendorf tube. The lids of the QIAamp
columns were opened and samples were placed in a biohood at room temperature (15°C25°C) for 10 minutes, to evaporate any excess ethanol. Afterwards 30 µL of Buffer ATE
was added to the center of the membrane. The lid was closed and allowed to incubate at
room temperature ((15°C-25°C) for 5 minutes. Lastly the column is centrifuged at 20,000
rcf for 1 minute to elute the purified DNA. The final volume of the lysate was measured
and recorded, sample storage was at -20°C.
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Chelex-Tween 20 Extraction
The samples were submerged in 100 µL of digestion buffer containing 5% Chelex
(Biorad, Hercules, CA), Proteinase K (10 µg/µL, Promega, Madison, WI) and 10%
Tween 20 (Millipore, Sigma, St. Louis, MO) (final concentration 0.2%). Prior to the
addition of the 5% Chelex buffer, the solution was vortexed to ensure the beads were in
solution rather than resting at the bottom of the container. After the addition of the
digestion buffer, samples were kept at room temperature for 30 minutes and vortexed
occasionally. Samples were then incubated at 56°C shaking at 1400 rpm for 45 minutes.
The samples were placed in a heat block at 99°C for 10 minutes, before being placed in
an icebox to cool for 10 minutes. Substrate removal was performed using spin baskets
and dolphin tubes as described above in the previous two extractions. The DNA was
purified and concentrated using Microcon DNA Fast Flow (MW 100) filters units
(Milllipore Sigma, St Louis, MO) filter units coated with 20 µL Poly A RNA (10 ng/µL,
Sigma Aldrich, St Louis, MO).The sample extracts were added to each labeled filter unit
placed in a flow through tube and centrifuged at 500 rcf for 30 minutes. The DNA was
recovered by applying 20 µL of 0.1x TE Buffer onto the membrane and then inverting
the Microcon filter unit over a labeled collection tube. The samples were placed in the
centrifuge and spun at 1000 rcf for 3 minutes. Each samples was transferred to an
irradiated 1.5 mL Eppendorf tube, where the volume of DNA acquired was measured and
recorded. The samples were stored in a -20°C freezer.
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DNA Quantitation
The DNA concentrations for the extracted samples were determined by real-time
polymerase chain reaction of human specific targets (Holt, Wootton, Mulero, Broszka,
Langit & Green 2016). A calibration curve was made using five standards with final
concentrations of 50 ng/µL, 5 ng/µL, 0.5 ng/µL, 0.05 ng/µL, and 0.005ng/µL. The
standards were prepared by serial dilution of Quantifiler THP DNA standard stock with
Quantifiler THP DNA dilution buffer. The quantification was carried out in a MicroAmp
Optical 96-Well Reaction Plate. For each standard, samples and controls 9 µL of
Quantifiler Trio master mix (5 µL PCR Reaction Mix and 4 µL Primer Mix) were added
to a well and mixed with either 2 µL of the standards, extraction negative, or DNA
extracts. Two wells were kept as master mix only as non-template controls (NTC). Plates
were sealed with MicroAmp Optical Adhesive film and centrifuged at 3000 rpm for 30
seconds prior to transfer to the 7500 Real-Time PCR instrument (all reagents, supplies
and instruments from Applied Biosystems by Thermo Fisher Scientific, Waltham, MA).
The cycling parameters of instrument were as follows: initial incubation- hold at 95°C for
11 minutes, followed by 30 cycles at 94° for 20 seconds, 59°C for 2 minutes and 72°C for
1 minute. Final extension was held at 60°C for 45 minutes before final hold at 4°C. The
results of the PCR were analyzed in the 7500 HID Real-Time PCR software according to
the Applied Biosystems instructions.
STR Amplification
The extracted DNA was amplified using the AmpFlSTR Identifiler Plus kit (Applied
Biosystems by Thermo Fisher Scientific, Waltham, MA) for STR analysis. Full volume

21
reactions were prepared by mixing 10 µL of Master Mix and 5 µL of Primer Set for each
reaction in 0.2mL irradiated PCR tubes. For each DNA sample 10 µL template DNA was
added to the reaction master mix. Samples with DNA concentration that exceeded the
optimal input were diluted with Tris EDTA (TE) buffer to allow for adding 1000 pg in 10
µL. The positive control consisted of 2.5 µL of 9947A control DNA and 7.5 µL of TE
buffer. A negative control consisted of 10 µL TE buffer. The samples were amplified in a
GeneAmp 9700 PCR system (Applied Biosystems by Thermo Fisher Scientific,
Waltham, MA), using the following parameters: initial incubation 95°C for 11 minutes,
29 cycles of denaturation at 94°C for 20 seconds and anneal/extension at 59°C for 3
minutes, final extension at 60°C for 10 minutes with a final hold at 4°C. The PCR
products were covered in tin foil to protect them from light and stored at 4°C until STR
analysis.
3500 Genetic Analyzer and STR Profiles
Capillary electrophoresis was performed using the 3500 Genetic Analyzer from Applied
Biosystems. For each test sample 0.36 µL of Genescan 600 LIZ Standard and 10 µL of
Hi-Di formamide were mixed and added to a well of a MicroAmp Optical 96-Well
Reaction Plate. Then 1.2 µL of the PCR products for positive controls, amplification
negative controls, extraction negative controls, and the samples were added to their
respective wells. Identifiler Plus ladder was placed into the formamide size standard mix
in the first well of each new column, so that a ladder was present for each injection. Each
96 well plate was closed with a rubber septum, centrifuged at 3000 rpm for 30 seconds
and denatured in the GeneAmp PCR system, at 95°C for 5 minutes and allowed to cool at
4°C for another 5 minutes. Electrophoresis used the polymer POP-4, a 36cm long 3500
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capillary and injection settings as follows: 1.2 kV or 2.4kV for 15 seconds. The resulting
data was analyzed using GeneMapper ID-X software v1.5 (software and all reagents,
supplies and instruments from Applied Biosystems by Thermo Fisher Scientific,
Waltham, MA).
DNA Reference Samples
A reference buccal sample was anonymously collected from every volunteer that donated
fingerprint samples. The volunteers were asked to swab both sides of their inner cheek
using a Cap-Shure 6” Sterile cotton swabs (Puritan, Guilford, ME). Using scissors
cleaned with 10% bleach, deionized water and 75% ethanol, the top one third of the swab
was cut and placed in a 1.5mL microcentrifuge tube (Eppendorf, Hamburg, Germany).
For the DNA extraction 150 µL of 5% Chelex (Biorad, Hercules, CA) was added to each
sample and an empty tube for the extraction negative control. The samples were
incubated at 56°C shaking at 1400 rpm for 30 minutes. The samples were then placed in a
stationary heat block at 99°C for 10 minutes and cooled at 4°C for 5 minutes. The
samples were centrifuged at 10,000 rcf for 3 minutes prior to transferring 100 µL of the
supernatant to a clean 0.5mL tube, ensuring not to transfer any of the Chelex beads. The
DNA extracts were quantified using the human DNA quantitation procedure described
above. Due to the abundance of DNA present in the buccal samples extract, the samples
were diluted to 500 pg/µL using TE Buffer and amplified with the Identifiler Plus kit in a
half volume reaction. The cycling parameters were the same as the full reaction
amplification listed above. STR analysis was carried out using the same methods as
described above.
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DNA Profile Classification
The reference STR profiles were compared to the fingerprint DNA profiles to classify the
results. A fingerprint DNA profile was deemed “full”, when at all tested STR loci the
complete genotype was present and consistent with the donor. It was deemed “high
partial”, if ≥8 complete consistent STR loci were present, and “low partial”, if less than 8
complete consistent loci were detected. Lastly a sample was deemed “not suitable for
comparison”, if no complete heterozygote STR loci was present at any of the loci.
Peptide Quantification
The Thermo Fisher Scientific Pierce Quantitative Fluorometric Peptide Assay was used
to quantify the protein fraction. The standards used were created from a solution with a
starting concentration of 1 µg/µL and 50mM ammonium bicarbonate buffer (Fisher
Chemical, Waltham, MA). The values of the standards were as follows: 1000 ng/µL, 500
ng/µL, 250 ng/µL, 125 ng/µL, 62.5 ng/µL, 31.3 ng/µL, 15.6 ng/µL, and 7.8 ng/µL. The
blank was composed of the 50mM ammonium bicarbonate solution. The assay was
performed in 96-well black bottom microplates (Thermo Fisher Scientific, Waltham,
MA) and each reaction contained 70 µL of Fluorometric Peptide Assay Buffer, 20 µL of
Fluorometric Peptide Assay Reagent and 10µL of sample, The plate was sealed and
incubated at room temperature for 5 minutes and placed into the Bio Tek Synergy MX
Microplate Reader (Biotek, Vermont, USA). The plate was read at Ex 390nm/Em 475nm.
Excel was used to create the standard curve, which was utilized to calculate the
concentration of the protein fractions.
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LC-MS/MS Analysis
The aqueous peptide fractions were sent to Lawrence Livermore National Laboratory
(LLNL) for mass spectrometry analysis. The samples were shipped in autosampler
compatible sample vials (Agilent, Santa Clara, CA, USA) on dry ice. For the analysis 1
µL of the protein fraction was injected onto Easy-nanoLC 1000 HPLC, fitted to a Q
Exactive Plus Orbitrap Quadrupole-Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA). Analysis of the data was carried out by the LLNL team working on
genetically variable proteins, using the Proteome Discoverer (Thermo Fisher Scientific,
Waltham, MA) software. The LC-MS/MS results included number of identified proteins,
amount of peptide peaks present, and the number of unique peptides sequences.
Statistics
The Wilcoxon Signed-Ranks test was used to determine statistical significance among the
DNA yields of the three separate extractions, as well as the protein and peptide data sets.
The test was performed using the open access website:
https://www.socscistatistics.com/tests/signedranks/default2.aspx.
A log transformation of total DNA (ng) and unique peptides detected was performed to
reduce the data spread. The resulting values were used with the Pearson’s Correlation
Coefficient to determine statistically significant difference among the total DNA (ng) and
unique peptides detected. The test was performed using the open access website:
https://www.socscistatistics.com/tests/pearson/default2.aspx. Excel (Microsoft, Seattle
WA) was used to create scatter plots to test for sample set correlations.
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Lastly outliers are extreme values which lie outside the overall pattern of a distribution of
variables (Kwak, & Kim, 2017). In a box and whisker plot, any data point outside the
upper and lower fence lines (1.5 times the interquartile range subtracted from either
Quartile 1 or Quartile 3) occur outside of 99.65% of the data and are considered outliers
(Kwak & Kim 2017). Two data pairs from volunteers were one DNA yield value was
flagged as outlier were excluded when creating the DNA yield whisker plots. As
indicated in the results section, pairs of volunteer samples with one outlier value were
also removed from three of the correlation tests. It important to note, that no samples
were removed for any of the significance testing and that all values are reported in the
Results section.
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Results
Evaluation of DNA Extraction Methods
Two sets of ten male volunteers each were recruited to donate parallel sets of sebaceous
fingerprints for this method evaluation. The trypsin based DNA/Protein extraction with
Microcon filtration (henceforth called trypsin co-extraction) was compared to DNA
extraction using the Qiagen QIAamp DNA Investigator Extraction Kit (referred to as
Qiagen DNA Kit), and the Chelex-Tween 20 DNA extraction described by Forsberg et
al., (2016), abbreviated as Chelex-Tween 20. DNA yields and STR typing success rates
for each method were compared within each donor set.
Comparison of Trypsin Co- Extraction and Qiagen DNA Kit
The first two methods of DNA extraction compared were the in-house developed trypsin
co-extraction and the commercially available Qiagen DNA Kit. For this study, volunteers
were asked to deposit a set of sebaceous fingerprints on an irradiated glass slide (three
fingers plus thumb, except the pinky finger). The right hand prints were processed with
the trypsin co-extraction, meanwhile left hand prints were processed with the Qiagen
DNA Kit. The QIAamp DNA investigator kit utilizes selective binding properties of
silica-based membrane for purification of genomic and mitochondrial DNA. The Qiagen
DNA Investigator Kit protocol follows four main steps (Phillips et al., 2012). The cellular
membrane is disrupted using enzymatic activity (digestion buffer) and mechanical lysis
combined with shaking. The genomic DNA is bound to the silica-based membrane of the
QIAamp spin column, followed by the washing away of contaminants using various
buffers, and eluting the DNA. The total DNA yield of each extraction is presented in
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Table 1 below. The total yield was calculated by multiplying the concentration of the
sample (ng/µL) by its respective final elution volume (µL). The sample DNA
concentrations were determined through the use of Quantifiler Trio DNA
Quantification Kit.
Table 1: Total DNA Yield for Trypsin co-extraction and Qiagen Kit per sample
Sample

V1

V2

V3

V4

V5

V6

V7

V8

V9

V10

Mean

Trypsin coextraction
(Total
DNA- ng)

4.31

1.12

0.46

1.16

2.48

3.13

36.24

8.20

7.39

2.64

6.71 ± 10.69a

0.18

0.10

0.27

0.17

0.41

0.33

0.37

1.93

0.86

0.46

0.50 ± 0.54a

Qiagen Kit
(Total
DNA- ng)

a

= Average ± S.D. (n=10)

The results indicate the trypsin co-extraction generated a greater total DNA yield,
approximately thirteen times as much DNA as compared to Qiagen extraction. The range
of total DNA in the trypsin co-extraction was between 0.46 ng (V3) and 36.24 ng (V7).
The range of the total DNA obtained from the Qiagen DNA kit was between 0.10 ng
(V2) and 1.93 ng (V8). A box and whisker plot for the DNA yields seen in Figure 1
shows the median, mean, the 1.5x interquartile range whiskers, and outliers for each data
set. The trypsin co-extraction yielded a 6.71 ± 10.69 ng on average while the Qiagen kit
yielded a mean of 0.50 ± 0.54 ng. Statistical analysis using Wilcoxon Signed- Rank test
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(n=10), detected there was a significant difference between the two total DNA yields,
with a p-value 0.00512, see table 3. It should be noted, that for the trypsin co-extraction
the total DNA value obtained for V7 is beyond the upper whisker and thus can be
considered an outlier. Removing this volunteer from both data sets allows for better
visualization of the Qiagen extraction data as seen in the box and whisker plot, figure 2.

Figure 1: Total DNA yield results (in ng) for all Qiagen kit and trypsin co-extraction
samples (n=10). The Y-scale is DNA yield in (ng). A Wilcoxon Signed- Rank test (n=10,
p=0.005), indicates a statistically significant difference.
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Figure 2: Total DNA yield results (in ng) for Qiagen kit and trypsin co-extractions, with
outlier V7 removed from both sets (n=9). The Y-scale is DNA yield in (ng).

Comparison of Trypsin Co- Extraction and Chelex-Tween 20 Extraction
The trypsin co-extraction method was compared to the Chelex-Tween 20 extraction using
a new set of male volunteers. A notable difference between the two extraction methods
are the reagents in the digestion buffer. As previously mentioned the trypsin co-extraction
utilizes Protease Max Surfactant, dithiothreitol and ammonium bicarbonate and the
trypsin enzyme. Meanwhile Chelex-Tween 20 uses 5% Chelex, proteinase K and 10%
Tween 20. Proteinase K digests protein in an unspecified fashion and therefore this
extraction method does not allow for the recovery of proteins. Similar to the first
comparison, volunteers (V11-20) were asked to deposit fingerprint samples (3 finger +
thumb) on clean, irradiated microscope slides. The right hand prints were processed with
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the trypsin co-extraction meanwhile the left hand prints were processed using the ChelexTween 20 method. The total DNA yield of each extraction is presented in Table 2 below.
Table 2: Total DNA Yield for Trypsin co-extraction and Chelex Tween 20 per sample
Sample

Trypsin
CoExtractio
n (Total
DNA- ng)
Chelex
Tween 20
(Total
DNA- ng)
a

V11

V12

V13

V14

V15

V16

V17

V18

V19

V20

Mean

7.49 4.44

5.80

1.72

0.75

46.56 3.11

1.74

0.23

9.60

8.14 ± 13.83a

4.82 6.47

12.52 2.11

0.89

0.54

1.79

0.12

8.18

4.0 ± 3.99a

2.69

Average ± S.D. (n=10)

The total DNA recovered by the trypsin co-extraction ranged from 0.23 ng (V19) to
46.56 ng (V16). The total DNA recovered by Chelex-Tween 20 extraction ranged from
0.12 ng (V19) to 12.52 ng (V13). The median, mean, 1.5x interquartile range whisker and
outliers of the total yields of the two extraction methods are shown in figure 3.
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Figure 3: Total DNA yield results (in ng) for all Chelex Tween 20 and trypsin coextraction samples. The Y-scale is DNA yield in (ng). A Wilcoxon Signed- Rank test
(n=10, p=0.718), indicates no statistically significant difference.
The mean of total DNA yield for the trypsin co-extraction was 8.14±13.83 ng.
Meanwhile the mean of total DNA yield for the Chelex Tween 20 extraction was
4.01±3.99 ng. Again, the trypsin co-extraction had a DNA yield for V16 beyond the
upper whisker and thus was considered an outlier. The new box and whisker plot after the
removal of the outlier sample V16 in both extraction sets was created for better
visualization of the data range (figure 4).
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Figure 4: Total DNA yield results (in ng) for all Chelex Tween 20 and trypsin coextraction samples with outlier V16 removed (n=9). The Y-scale is DNA yield in (ng).
Statistical analysis using Wilcoxon Signed- Rank test, which included the outlier
samples, detected no significant difference between the two total DNA yields, with a pvalue 0.718, seen in Table 3. This supports the assertion trypsin co-extraction method
DNA yield is comparable to Chelex Tween 20 methods DNA yields. Table 3 shows a
summary of all extraction comparison data.
Table 3: Summary table of average total DNA yields and significance testing results.
Trypsin coextraction
(n=10)
Mean (Total 6.71 ± 10.69
DNA in ng)

Qiagen Kit
(n=10)

Trypsin toChelex
extraction (n=10) Tween
20(n=10)

0.50 ± 0.54

8.14 ± 13.83

Significance The p-value is 0.0051
Testinga
Significant at p < 0.05.
a

Wilcoxon- Signed- Rank test

4.01 ± 3.99

The p-value is 0.718
Not significant at p < 0.05.
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STR Analysis
The extracted DNA underwent PCR amplification and the STR genotyping success rate
was determined by comparing the fingerprint samples to the volunteer reference sample.
A green square indicates all the expected alleles were present at that locus. A yellow
square indicates an allele dropout. A red square indicates a complete locus drop. A blue
square indicates the addition of an allele not found in the reference sample. A result of
was called a “full profile” when all expected alleles were seen in a sample. Meanwhile a
“high partial” was called, when ≥8 complete loci were present in the sample. A sample
was deemed “low partial” when less than 8 loci gave the expected results. A negative
(and not suitable for comparison) profile was called when no alleles were present in the
sample, or no locus had a complete genotype. The results of the Qiagen DNA Kit and
trypsin co-extraction method comparison are shown in figure 5. The trypsin co-extraction
produced full profiles for all samples. Sample V3R did display two loci with drop in,
however the additional alleles were minor. The DNA obtained from the Qiagen DNA kit
yielded five “full” profiles and five “high partial” profiles. As can be seen in figure 5, the
two Qiagen DNA kit samples that did have multiple locus and allelic dropouts, both had
low DNA concentrations and low amounts of PCR input DNA.
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Figure 5: Heatmap showing the STR genotyping success rate for the trypsin coextraction and the Qiagen kit.

The DNA obtained from the second set of volunteers for the trypsin co-extraction and the
Chelex Tween 20 extraction also underwent PCR amplification for STR genotyping. A
heat map of the STR profiles obtained and the PCR input for each sample can be seen in
figure 6.
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Figure 6: Heatmap showing the STR genotyping success rate for the trypsin coextraction and the Chelex Tween 20 method.
The trypsin co-extraction performed on samples in set 2 produced nine “full” profiles and
one “high partial” profile. The “high partial” profile contained two locus dropouts, two
allelic dropouts as well as one locus with drop in. On the other side the Chelex Tween 20
extraction produced seven “full” profiles. The method also produced one “high partial’,
one “low partial” and one “negative/ not suitable” sample. The “low partial” and
“negative” results for samples V11L and V20L were not expected considering the high
amount of the input DNA. Overall the trypsin co-extraction produced the most “full” or
complete profiles, followed by the Qiagen DNA kit as seen in table 4. The Chelex Tween
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20 extraction produced the least amount “full” profiles, also seen in table 4, despite the
relatively high concentrations of input DNA.

Table 4: Summary of the STR profile classifications for all the donor samples tested
Sample Set 1 (n=10)

a
b

Sample Set 2 (n=10)

Classification

Trypsin coextractiona

Qiagen Kitb

Trypsin coextractiona

Chelex Tween
20b

Full Profile

100%

60%

90%

70%

High Partial
Profile

0%

40%

10%

10%

Low Partial
Profile

0%

0%

0%

10%

Not Suitable

0%

0%

0%

10%

Right hand thumb plus three fingers
Left hand thumb plus three fingers

Protein Results
The protein fraction obtained by the trypsin co-extraction was quantified using Thermo
Scientific Pierce Quantitative Fluorescent Peptide Assay. Aliquots of the samples were
also sent to Lawrence Livermore National Laboratories for mass spectrometry analysis
and peptide detection. The average concentration of the proteins fractions obtained from
the right hand of the 20 volunteers, as determined by fluorometric assay was 86.20 ±
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60.62 ng/µL. The peptide concentration ranged from 14.62 ng/µL up to 232.43 ng/µL.
The total unique peptides detected per fingerprint sample ranged from 4 to 934, seen in
Table 5. The scatter plot, Figure 7, suggests there is no correlation between the
concentrations determined by fluorometric assay and the number of peptides detected
with LC-MS/MS as evident with an r-value 0.06 (R2 = 0.004). Looking at the
fluorometric peptide concentrations, a high value did not necessarily equate to a greater
number of peptides being detected by LC-MS/MS analysis as seen in Table 5. For
example it was determined sample V20 had a concentration of 211.19 ng/µl, but only 190
peptides were detected. In contrast sample V6 had a concentration of 61.19 ng/µl but 802
unique peptides were detected in that sample. In addition the fluorometric assay detected
peptides being present in extraction negative samples, ranging from 91.33 ng/µl to 131.48
ng/µl.

Unique Peptides Detected

1000

750

y = 0.2748x + 369.41
R² = 0.0045

500

250

0
0.

75.

150.

Peptide Concentration (ng/µL)

225.

300.

r = 0.06

Figure 7: Scatter plot of 20 fingerprint samples (thumb + three fingers) and displaying
the number of unique peptides against the fluorometric peptide concentrations. Pearson
correlation coefficient test (n=20, r=0.06), no correlation.
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Table 5: Summary of the peptide concentration detected by Thermo Scientific Pierce
Quantitative Fluorescent Peptide Assay as well as the peptides and proteins detected by
LC-MS/MS in each samples.
Sample

Concentration
(ng/µl)a

# of Unique Peptides
Detected

# of Proteins
Detected

EN 724b

131.48

0

0

V1

63.91

155

34

V2

48.87

4

3

V3

15.32

317

29

V4

26.51

563

64

V5

14.63

712

79

61.19

802

78

91.33

6

2

V7

50.98

398

42

V8

53.77

521

57

V9

46.04

427

43

50.6

564

54

111.15

1

0

V11

84.61

428

51

V12

75.04

172

30

V13

78.29

417

50

46.39

151

14

51.42

1

1

V15

136.23

200

17

V16

116.94

217

27

V17

232.44

934

111

V18

166.54

624

74

V19

144.66

66

7

V20

211.19

190

27

81.96 ± 59.93

393.10 ± 248.01

44.55 ± 26.74

V6
EN 727

b

V10
EN 831

b

V14
EN 918

Meanc
a

b

Quantified with Pierce Quantitative Fluorescent Peptide Assay
Extraction negative samples
c
Average ± S.D. (n=20), EN samples not included
b
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LC-MS/MS Peptide and Protein Detection
The average number of unique peptides detected in the fingerprint samples was 393.10 ±
248.01. As previously mentioned the range of unique peptides detected was between
from 4 (V2) to 934 (V17), seen in Table 5. The average number of proteins detected in
the donor samples by LC-MS/MS was 44.55± 26.74. The number of detected protein in
fingerprint samples ranged between 3 (V2) and 111 (V17). The averages, medians, 1st
and 3rd quartile boundaries and 1.5x interquartile ranges can be seen in Figure 8.

Figure 8: Box and whisker plot displaying distribution of peptides and proteins detected.
The Y-scale is number of proteins/peptides.
The correlation between unique peptides and proteins detected can be seen in Figure 9.
An R-value of 0.97 indicates a strong correlation between the detected peptides and
identified proteins. The trend shows that as expected as the peptide count increases, the
proteins identified also increase.
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Number of Unique Peptides
Detected

1250

y = 9.0163x - 8.5769
R² = 0.9451

1000
750
500
250
0
0

30

60

90

120

Number of Proteins Detected

Figure 9: Scatter plot showing the linear relationship between unique peptides and
proteins detected in donor samples by LC-MS-MS. Pearson correlation coefficient test
(n=20, r=0.97), strong correlation.

Identified Proteins
In this experiment up to 111 different proteins were detected in the donor samples. The
most abundant proteins found in 80% or more of the donor samples can be seen in Table
6. In total 15 different abundant proteins were identified with the majority being either
keratin type I or II. All the proteins identified in this study were also present in the work
by Oonk, Schuurmans, Pabst, de Smet & de Puit (2018) and Sterling et al., (2019).
Furthermore the abundance of keratin was to be expected as cytokeratins compose 35%
of the fingermark proteome according to Oonk et al., (2018). In particular keratins 1, 2, 5,
and 9 are four of the most abundant proteins found on fingerprints (Oonk et al., 2018;
Carlson, Moini, Eckenrode, Allred & Donfack (2018).

41
Table 6: Most abundant proteins identified in sebaceous fingerprint samples after high
resolution mass spectrometry
Index Protein
Symbol

Full Protein Name

% Samples Detected
(n = 20

1

KRT2

Keratin, type II cytoskeletal 2
epidermal

100

2

KRT1

Keratin, type II cytoskeletal 1

100

3

KRT9

Keratin, type I cytoskeletal 9

95

4

KRT10

Keratin, type I cytoskeletal 10

95

5

KRT5

Keratin, type II cytoskeletal 5

95

6

KRT77

Keratin, type II cytoskeletal 1b

90

7

HRNR

Hornerin

90

8

KRT16

Keratin, type I cytoskeletal 16

85

9

KRT17

Keratin, type I cytoskeletal 17

85

10

KRT14

Keratin, type I cytoskeletal 14

85

11

DSG1

Desmoglein-1

85

12

DSP

Desmoplakin

85

13

DCD

Dermcidin

85

14

CASP14

Caspase-14

80

15

S100A9

Protein S100-A9

80

Peptide to DNA Correlation
A scatter plot containing log transformation of total DNA and unique peptide data was to
determine a possible relationship. Two Samples V7 and V16 with outlier values for the
DNA quantification were excluded. The Pearson correlation coefficient test
r-value 0.349 (R2 value of 0.12) indicates a weak correlation between the amount of
DNA and number of unique peptides detected.
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Log # Unique Peptides Detected

3.7500

y = 0.4237x + 2.2654
R² = 0.1224

3.0000
2.2500
1.5000
0.7500
0.0000
-0.8750

-0.4375

0.0000

0.4375

0.8750

1.3125

Log Total DNA (ng)

Figure 10: Scatter plot of log total DNA (ng) and unique peptides detected, two samples
with very high DNA concentrations were omitted as outliers (n=18). Pearson correlation
coefficient test (n=18, r=0.34), weak correlation.
Reproducibility of DNA and Protein Recovery
Another objective of this research was to test for reproducibility of deposit and recovery
of biological material for the same individuals. The same 20 donors provided samples for
two separate projects, that were both trying to identify unique peptides proteins found on
fingerprints in addition to developing STR profiles. The project conducted by the other
researcher also used the trypsin co-extraction method to extract DNA and proteins from a
single thumb print (Borrego 2019). DNA and protein data from this research were
compared to results obtained here for the combined three fingers and thumb. Results per
donor are shown in Figures 11 and 12.
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Figure 11: Comparison of total DNA (ng) of thumb against three finger + thumb in 20
volunteers.
The average total DNA of the thumb was 1.10±1.31 ng. The average total DNA of the
thumb plus three fingers was 7.45±1.01 ng. The thumb plus three fingers had
approximately seven times more total DNA. This was an expected result since a larger
DNA rich surface area was sampled for three fingers and the thumb, as opposed to just
the thumb. This trend is seen in all donor samples with the thumb plus three fingers
always having a higher DNA yield.
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Figure 12: Comparison of unique peptide counts of thumb against three finger + thumb
in 20 volunteers.
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The average unique peptide count of the thumb samples was 235.05±189.30. Meanwhile
the average peptide count of the thumb plus three fingers was 393.10 ± 248. The results
indicate, the thumb plus three finger samples only contain 1.4 times more peptides than
the thumb sample of the same donor. However in some instance the thumb sample
showed a higher peptide count, see donor 1, 5 and 20 above. Thumb sample 2 with only 4
unique peptides (table 5) is an outlier that may have been caused by a failed mass
spectrometry injection. The ratio for peptide counts is smaller than for DNA because each
cell has set protein composition based on its tissue type. Hence increasing the amount of
a particular tissue will not increase the peptide count.
As explained above, two samples (V2R and V11R) had outlier DNA yields for the
trypsin co-extraction that were much higher than the other samples. After removing these
outliers, a scatter plot comparing the total DNA yield of the thumb against the thumb and
three fingers (n=18), yielded an r of 0.6807 (r2-value of 0.4633), the plot is shown in
figure 13. The result indicates there is a strong correlation and that the results for
fingerprints collected from the same donor on the same day are reproducible.
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Figure 13: Scatter plot comparing total DNA (ng) of thumb against total DNA (ng) of
thumb vs three fingers (n=18). Pearson correlation coefficient test (n=18, r=0.680), strong
correlation.
Lastly a similar scatter plot was constructed comparing the count of unique peptides
detected, and is shown in figure 14. Samples V2R and V11R had extremely low peptide
counts as compared to the other samples. These samples were omitted when constructing
the figure 14. The correlation yielded an r value of 0.4759 (r2= 0.2265) indicating a
moderate correlation, that is lower than it was for the DNA values.
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Figure 14: Scatter plot comparing unique peptides detected of thumb against unique
peptides of thumb vs three fingers (n=18). Pearson correlation coefficient test (n=18,
r=0.475), moderate correlation.
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Overall the data comparison across these two research projects showed that for the same
donors, DNA recovery and peptide detection are reproducible for samples collected on
the same day.

Discussion
This project sought to determine if a trypsin based protein/DNA co-extraction method
would still as efficient as commonly used Proteinase K based extraction methods so that
it can be safely used in casework. Efficiency was measured in terms of DNA recovery
and STR profiles produced for contact traces. The resulting peptide fractions were
analyzed using high resolution mass spectrometry and compared to previously published
fingerprint and skin proteomes (Rice et al., 2013, Oonk et al., 2019) and previous work
completed by John Jay College students (Sterling et al., 2019, Borrego 2019).
DNA Results
Analyzing the data obtained by the three separate extraction methods, the trypsin coextraction method yielded the highest total DNA in both samples sets with a mean over
all 20 samples of 7.42 ± 11.75 ng. Previous applications of the same method for
fingerprints on glass produced similar results. Kranes (2017) obtained an average total
DNA concentration of 0.75ng using single thumb samples from 10 volunteers. Lastly
Borrego (2019) who tested for sebaceous thumb samples recovered 1.10 ± 1.34 ng of
DNA on average. Here the same volunteers were used, and again the thumb and three
fingers samples were expected to yield a higher DNA concentration compared to the
thumb alone. Sterling worked on fingerprints on metal cartridge casings and glass
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microscope slides, using the trypsin co-extraction method with tape lift and swabbing
techniques. The two different collection methods, polyester swab and tape lift, yielded
means of 1.34 ± 3.04 ng and 1.26 ± 1.87 ng of DNA on average (Sterling 2017, Sterling
et al., 2019). The Chelex Tween 20 method produced the next highest total DNA yield
and the QIAamp DNA Investigator Kit (Qiagen DNA Kit) yielded the least amount of
total DNA.
STR profile success is contingent on the amount DNA that can be recovered from the
substrate, other factors such as degradation, and inhibition can also influence the success
rate. Of the STR profiles produced, the trypsin co-extraction methods had the highest
success rate for both sample sets. Overall the 20 samples extracted using trypsin coextraction, 95% gave “full” profiles, a finding even better than the results of Kranes et al.,
(2017), (n=10), where the trypsin co-extraction method yielded 70% “full” profiles. The
Qiagen method yielded 60% “full” profiles for the parallel samples and of the 10 samples
extracted the Chelex Tween 20 method, 70% yielded “full” profiles. The Chelex Tween
20 results are similar to an internal validation of a one tube direct lysis using Chelex
beads, Proteinase K and Tween 20 by Forsberg et al., (2016) who demonstrated this
method provides high DNA yields and high quality STR profiles.
A lack of “full” STR profiles for samples with sufficient DNA amounts suggests other
factors prevented PCR amplification. A study by Putkonen, Palo, Cano, Hedman &
Sajantila, 2010, found the two most important factors affecting PCR success were DNA
quantity and degradation. Samples V1L and V2L were two of the four samples that
produced “high partial” profiles, and as expected these samples had low DNA
concentrations and a total PCR input of only 0.0066 ng and 0.0035 ng respectively. Low
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DNA concentration are a likely explanation for the allelic and locus dropouts in these
samples. As shown in the Identifiler Plus validation a PCR input value of 0.062 ng DNA
still resulted in some partial profiles (Wang et al., 2011).The two remaining samples V3L
and V6L however, had DNA concentrations that were similar to the remainder of the
successful samples. Interestingly samples V4L (0.0064 ng) had a similar DNA
concentration to sample V1L, but this sample produced a full profile, indicating some
uncertainty of the quantification values.
DNA degradation could explain why no “full” STR profiles were achieved in samples
V3L and V6L. In a validation study for the Quantifiler Trio kit conducted by Holt et al.,
(2016), samples with degraded DNA produced STR profiles with allelic dropouts. The
Quantifiler Trio assay contains primers which can amplify and detect two autosomal
multiple-copy target loci, the small autosomal (SA) and large autosomal (LA)
quantification targets (Viera-Silva, Alfonso-Costa, Ribeiro, Porto, Dias & Amorim,
2015). Therefore by measuring selective depletion of the larger DNA target fragments
relative to smaller fragments, it is possible to estimate potential degradation (Holt et al,.
2016). More dropouts were seen in samples where the degradation index (DI), which is
the ratio of the Small Autosomal target concentration and the Large Autosomal target
concentration of a given sample, exceeds 1. The DI value of sample V1L was 2.64
meanwhile DI value of sample V2L was 4.375. The DI values of V3L and V6L were 4.65
and 1.95 respectively. In this instance, the four samples which exhibited dropouts had DI
values greater than 1.
In contrast samples in Set 2, weren’t necessarily affected by degradation. Sample V11L,
which yielded a “low partial” profile, had an input DNA amount of 0.185 ng and a DI
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value of 0.81. Sample V15L yielded a “high partial” profile had an input DNA amount of
0.029 ng and a DI value of 1. Lastly Sample V20L yielded a profile “not suitable for
analysis”, had an input DNA amount of 0.31 and DI value of 0.62. Samples V11L and
V20L had sufficient DNA input for a successful PCR reaction. The DI values also
indicate the DNA was not degraded. These factors indicate something else could have
interfered with the PCR reaction.
Another theory is that these samples were inhibited by insufficiently deactivated
Proteinase K. Singh, Kumari & Iyengar (2018) state Proteinase K needs to be deactivated
as it can digest polymerase enzymes and inhibit the PCR reaction. If Proteinase K was
not completely inactivated during the 95°C inactivation step, it can contribute to the
issue. The manufacturer Qiagen states incubating at 95°C for 10 minutes may leave some
enzymatic activity.
Lastly an issue that is especially pertinent to the Chelex Tween 20 extraction method is
PCR inhibition by Chelex resin. The use of Chelex resin developed by Walsh et al., 1991,
was a great utilization of the styrene-divinylbenzene copolymer that contains paired
iminodiacetate ions. Essentially Chelex polymer acts a chelating agent which binds to
magnesium ion, utilized by deoxyribonucleases thus hindering their effectiveness.
However if Chelex beads are present during final extraction it can interfere with
downstream analysis such as PCR (Singh et al., 2018). It is possible Chelex beads were
present in the final extracts of samples 11 and 20 and caused multiple locus dropouts, see
Figure 6. Even though with careful pipetting the likelihood of transferring Chelex beads
into the PCR reaction tubes was low, its occurrence is theoretically still possible.
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The DNA yield data had a wide range with large standard deviations. This is to be
expected because the total DNA recovered from fingerprints of different individuals is
not uniform and is influenced by various factors. An important factor to consider is
shedder propensity, which are interindividual differences in the amount DNA a person
leaves behind after touching a surface (Farmen, Jaghø, Cortez & Frøyland, 2008, Otten et
al., 2019). Factors that affect shedder status are gender, age, handedness and time that has
elapsed since last hand washing (Otten et al., 2019). This known variability prompted the
use of parallel samples from the left and right hand of the same donor to compare the
extraction methods. By using parallel samples, the experimental design accounted for
shedder propensity, as a sample set with more good shedders would always have yielded
more DNA regardless of method used. Without parallel samples it would not have been
possible to accurately measure the difference between the trypsin co-extraction method
and the Qiagen kit and Chelex Tween 20 method respectively. The same donor sets were
used by another study and a comparison of both DNA and protein results could show that
sample collection from the same donor on the same day is reproducible.
Peptide and Protein Results
The use of the trypsin co-extraction method allowed for the successful recovery of a
digested protein fraction. The peptide concentration of each donor samples was
determined in house using Thermo Scientific Pierce Quantitative Fluorescent Peptide
Assay. The mean peptide concentration of the donor samples was 86.20 ± 60.62 ng/µL.
The protein fractions were sent to the Lawrence Livermore National Laboratory to
undergo LC-MS/MS in order to identify unique peptides and proteins. On average 393.1
± 248 unique peptides and 44.26 ± 26.74 proteins were detected. A scatter plot
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comparing the fluorometric peptide concentration to the number of unique peptides
detected in each sample, indicated a lack of correlation. A similar lack of correlation
between the fluorescent concentrations was observed in the research of Kranes (2017),
Sterling (2017) & Borrego (2019), where a high peptide concentration did not equate to
more unique peptides being detected. Possible explanations could be high background
fluorescence and the presence of abundant proteins that contribute to the peptide
concentration but do not increase the unique peptide count. Another instance where high
peptide concentration did not equate to peptide count were the extraction negative
samples.
Contamination was detected in the extraction negative samples that were processed with
each batch of proteins samples. In theory there is a high risk for negative control samples
to be contaminated with ubiquitous proteins like keratin, but clean lab protocols
minimizing contamination like reagent filtration were in place. A study by Fox, Castanha,
Fox, Feigley, & Salzberg (2008), found the most abundant protein present in dust is
epithelial keratin, specifically K10 from shed skin. Despite the high fluorescent value, the
LC-MS/MS analysis of the extraction negatives samples showed one or less peptides in
three out of four samples, and only EN727 contained 6 unique peptides all belonging to
the ubiquitous keratin family. The Thermo Scientific Pierce Quantitative Fluorescent
Peptide Assay is a useful tool in detecting the quantity of peptides in a sample, but in this
project, as the data (figure 7 and table 5) demonstrate the assay was not an accurate
indicator of total unique peptides and proteins detected. The result for the negative
controls could mean that the readings are affected by a high level of background
fluorescence.
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However, as expected, there was a strong correlation between the number of proteins and
unique peptides detected. This trend was also seen in the research of Borrego (2019) with
a calculated r-value of 0.85 and confirmed by Carlson et al., (2018), who saw a strong
correlation between the number of signature peptides and the number of proteins
detected. By definition peptides are composed of between two and fifty short chain amino
acids connected by peptide bonds. In contrast proteins or polypeptide chains contain
between fifty and two thousand amino acids residues (Berg, Tymoczko & Stryer, 2002).
The number of detected proteins must be relative to the peptide count, because the
proteins in the fingerprints were digested with trypsin and the resulting peptides were
identified based on their amino acid sequence. The Proteome Discoverer software
requires the recognition of two or more signature peptides prior to making positive
identification of a particular protein. It is logical that with peptides being the building
blocks for proteins, the detection of more unique characteristic peptides means more
proteins can be identified.
The proteome analysis of the donor samples conducted by LLNL identified between 3
and 111 proteins in each donor sample. Focusing on proteins that were observed at a high
frequency (detected in more than 80% of the samples analyzed) narrowed it down to 15
abundant proteins, shown in Table 6. Nine of the fifteen proteins identified were
epithelial keratins, KRT2, 1, 9, 10, 5, 7, 16, 17, 14 (Schweizer et al., 2006, Sterling et al.,
2019). A study by Rice et al., (2013) which was trying to determine the proteome of the
human epidermal stratum corneum, also identified KRT2, 10, 1, 9 and 5 as being the
most prominent proteins. The abundance of keratins was expected because the keratin
gene family consists of the highest number of members in humans, with 54 distinct
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functional groups (Moll, Divo & Langbein, 2008). Keratins belong to the cytoskeletal
system of intermediate filaments (IF), which are chemically stable and long unbranched
filaments (Moll et al., 2008). An experiment conducted by LeSassier et al., (2019), that
tested artificial fingerprints and compared results to actual latent prints, saw that in actual
prints nine of the top ten proteins were keratins. Specifically seven keratin proteins,
(KRT9, 1, 10, 2, 14, 15, 16), and Hornerin also abundant in this study were seen in the
top ten list by LeSassier et al., (2019).
The abundant non-keratin proteins identified were Hornerin, Desmoglein-1,
Desmoplakin, Dermcidin, Caspase-14 and Protein S100-A9. Hornerin is a member of the
S100- fused protein family and it is involved the cornification of keratinocytes (Choi et
al., 2016). Desmoglein-1 maintains the structure of the epidermis through its adhesive
function (Hammer & Stanley, 2013). Desmoplakin is found in all epithelia cells and
some non-epithelial tissue and participates in cell-cell adhesion (Favre et al., 2018). It
also serves as an anchorage site for intermediate filaments (IF). Dermcidin is a gene
expressed in human eccrine sweat glands, where its precursor protein is proteolytically
processed to produce antimicrobial peptides (AMPs) (Schittek, 2012). Interestingly,
dermcidin derived peptides build a constant barrier that overlies the epithelium acting as
the first line of defense for skin. Hence it is abundant in parts of the body like the face
and hands, which are more likely to come in contact with pathogenic microorganisms
(Schittek, 2012). Caspase-14 is present mainly in cornifying epithelia (Denecker,
OVaere, Vandenabeel, & Declercq, 2008). Protein S100-A9 is a calcium- and zincbinding protein and plays a role in the regulation of inflammatory processes and immune
responses (UniProtKB – P06702).
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The next step would be to use most abundant proteins identified for genetically variant
peptide (GVP) analysis. Borja et al., 2019 state, single amino acid polymorphisms (SAP)
which are the results of non-synonymous SNPs can be used to infer corresponding SNP
alleles. This makes it possible to proteomically- infer SNP alleles and use SNP DNA
types to identify a potential source individual for contact traces. Using hair samples,
Parker et al., (2016) explored GVP analysis and were able to show how the SAPcontaining peptides can accurately impute the status of corresponding nsSNP alleles.
Using Sanger sequencing, it was proven the peptides had predictive value of 100%.
Meanwhile Mason et al., 2018 used bone to identify thirty five GVP’s and inferred 134
SNP polymorphisms. These studies highlight the promising potential of GVPs to aid in
forensic biology investigations.
DNA and Peptide Results
A log transformation of total DNA and unique peptides was carried out to reduce the data
spread. Two sample with outlier data values were omitted. The resulting data was used
with Pearson correlation coefficient test to determine a weak correlation. This trend was
also observed in Sterling et al., 2019, who tested the DNA and peptide recovery on
touched unfired brass cartridges. In theory the amount of DNA and proteins recovered
should be a similar ratio, but as the number of unique peptides is limited by the cell type.
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Conclusions
The results of this experiment highlight the versatility and efficiency of the trypsin coextraction as compared to extraction methods that use Proteinase K as the cell lysis
enzyme. The trypsin co-extraction method is able to simultaneously extract PCR
compatible DNA and LC-MS/MS ready peptides from a forensic sample.
The favorable DNA results indicate that the trypsin co-extraction method is a viable and
reliable alternative to standard Proteinase K methods in routine forensic DNA casework
with the added benefit of obtaining a protein fraction which can provide complementary
data.
Future Work
It would be of great benefit to use a greater sample size to further corroborate the findings
of this experiment, as well as the work of Kranes (2017), Sterling et al., 2017 and
Borrego (2019) who also used the trypsin co-extraction method. It will further the
credibility and increase the exposure of this method if more data is available. Another
consideration would be to change the substrates, on which the samples were deposited.
The conditions or environment in which forensic evidence found at a scene of a crime are
rarely favorable for DNA recovery. An important factor is exposure to environmental
contaminants that can cause PCR inhibition. An example for common inhibitors are
humic acid and humic material metal ions, which are readily found in soil. It would be
beneficial to mimic compromising conditions and test the effectiveness of this extraction
method when dealing with potential inhibitors. Some substrates to test would be wood,
plastic, or other surfaces with dirt. Another variable is the efficacy when dealing with
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samples that are degraded. A potential experiment would be extracting fingerprints that
have been deposited on a glass slide for longer than 24 hours and measuring the various
time points. Another variation would be to expose the fingerprints to sunlight. Finally a
validation should include using different sample types like blood, saliva, semen and hair
and to determine possible limitations. The final goal would be to implement this method
into forensic casework. In order to do that, it has to be proven the method is versatile and
robust.
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